Docket No. P-6149 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPLICATION FOR UNITED STATES LETTERS PATENT 



INVENTORS: 



Fredenk Botha COENRAAD 
16 Akker Street 
Paradyskloof, Stellenbosch 
7600, Western Cape 
SOUTH AFRICA 



Jan Hendnk GROENEWALD 
19 Barlmka Road 
Labarrage, Somerset West 
7130, Western Cape 
SOUTH AFRICA 



THE REGULATION AND MANIPULATION OF SUCROSE CONTENT 
IN SUGARCANE 



Michael L. Kenaga 

PIPER MARBURY RUDNICK & WOLFE 

P.O. Box 64807 

Chicago, Illinois 60664-0807 

(312) 368-4000 



2 1 167/3501794.1 



THE REGULATION AND MANIPULATION OF SUCROSE CONTENT IN 
SUGARCANE 

RAPKGROUN n nF THF INVENTION: 

THIS invention relates to the regulation and manipulation of sucrose content in 
sugarcane. 

The amount of sucrose that accumulates in the culm of sugarcane is a 
function of sink strength and carbon partitioning between competing metabolic 
pathways (Wh,ttaker and Botha, 1997). One of these pathways is respiratory 
flux. 

Pyrophosphate-dependent phcsphofructokinase (PFP), with the international 
identification code EC 2.7.1.90, catalyses the reversible conversion of fructose 
6- P hos P hate (F6P) and pyrophosphate (PPi) to fructose 1,6-bisphosphate 
(Fru-1,6-P 2 ) and inorganic phosphate (Pi) (Carnal and Black, 1979). The 
levels of both PPi and F6P could potentially control the rate of glycolysis, i.e. 
respiratory flux (Plaxton, 1996 and references therein). Furthermore, PFP is 
associated with sink tissues, and could play a role in determining sink strength 
(Edwards and a P Rees, 1986; Botha et a/., 1992; Black et a/., 1995). Similar 
to most other enzymes involved in plant metabolism, PFP activity in 
sugarcane appears to be controlled, in part, by the expression of the PFP 
protein (Whittaker and Botha, 1999). However, this is not proof that PFP 
activity in a plant does alter sucrose content in the plant. Further, previous 
studies have shown that reduced PFP in transgenic potato and tobacco plants 
does not lead to different phenotypic characteristics from control plants 
(Hajirezaei et al 1994; Sonnewald et al 1995). 

It is an object of the invention to regulate and manipulate sucrose content in a 
sugar-stonng plant, such as sugarcane. 



qi IMMARY OF TMF INVENTION: 

It has been found that sucrose content in a sugar stonng plant can be 
regulated and manipulated by relating the activity of the PFP enzyme ,n the 
plant. 

□own regulation of the PFP enzyme by decreasing the concentration of one 
of the subunits of the enzyme has been found to increase the sucrose content 

of the plant. 

,n a preferred embodiment of the invention, the activity of the PFP enzyme is 
down rlulated by the introduction of an untranslatable form or an ant.sense 
\'h ' / form ofle nucleotide sequence as set out in Figure 1, a nucleotide sequence 
^ / whic h is Lmplementaiy to the nuc,eot,de sequence of Figure 1, a vanant of 

the nucleotide sequence of Figure 1, a portion of the nucleotide sequence of 
Rgure 1. or a nucleotide sequence which hybndizes to the nucleotide 
sequence of Figure 1 under stringent hybridization conditions. 

The untranslatable or ant.sense nucleotide sequence may be introduced to 
the plant using plant express,on vectors such as pUSPc 510 or pASPc 510. 

According to the invention an isolated nucleotide sequence comprises: 



which is complementary to the nucleotide 



(iii) 
(iv) 
(v) 



a nucleotide sequence as set out in Figure 1; 
a nucleotide sequence 
sequence of (i); 

a variant of the nucleotide sequence of (i); 

a portion of the nucleotide sequence of (i); or 

a nucleotide sequence which hybndizes to the nucleotide 

sequence of (i) under stringent hybridization conditions. 



The nucleotide sequence may be the nucleotide sequence as set out in 
- Figure 2 



The nucleotide sequence may be in an antisense onentat,on. 

According «o another aspect o, .he invention a gene construe, composes a 
lo.er and nucleofide sequence as defined here, in a sense 
the gene construe, lacking a transition initiation codon ups,ream of e 
nlcllde sequence or possessing an i,frame termination oodon d.recly 
downstream of the initiation codon. 

The gene construct may compose two promoters. 

The promoters may he seiected from the CaMV35S and the ma,ze 
polyubiquitin (UBI) promoters. 

According ,0 ano.her aspect of the ,nvenfion a gene cons,nuc. co.pnses a 
promoter and a nucieotide sequence as defined herein ,n an ahfisense 
orientation. 

The gene constructs may be pian, express.on vectors, pUSPo 510 and pASPo 
510 respectively. 

According to another aspect of the invention a transformed plant eel 
comprises a gene construe, of the invention. 

According to another aspect of the invention a transgenic plan, or plant pah 
containing or denved from ,he transformed plan, eel, is provided. 

The transgenic plant part may be a callus. 

The transformed plan, cel, or transgenic plan, or plan, part may be 
charactenzed by a lower level of the PFP p prote.n. 

The transformed sugarcane cel, or transgenic piant or p.an, part may be 



characterized by a lower level of PFP activity 

The transformed plah, cell or transgenic plant or plant part may be 
characterized by a higher level of sucrose. 

According «o another aspect of the invention a method of regulating or 

transforming the plant cel, with at leas, one gene const™, of the invention. 

According to another aspect of the invention a method of maintaining or 
increasing the sucrose level ,n sugarcane tissue includes the step o 
transforming cells of the plan, tissue with at leas, one gene constn.c. o, 

invention. 

According ,o another aspec. o, .he ,nven„on a me.hod of manipulating 
sucrose metabolism in a plant cel, o, a sugar-s.onng plant includes the step of 
co-transforming the cell with each o, the gene constats of the invention 

The method may involve the alteration of sucrose metabolism in a sugar- 
storing plant or sugar-storing plant part containing stored sugar. 

The plant may be sugarcane. 



nplPF nFSCRirT'™' ™ ™ F DRAWINGS 

The invention will now be descnbed in more detail, by way o, example only, 
with reference to the accompanying drawings in which: 

Picture 1 is the nXoMe sequence of the 1170 base pa,r (bp) cDNA 
fragment of\lone PFP#5, containing the 3' end o, the sugarcane 
PFP-p gene\sed in the construction of the plant expression 
vectors pUSPc Mo and pASPc 510; 



Figure 2 isV complete cDNA nucleotide sequence of the sugarcane 
PFP^ gene; 

Figure 3 is a schematic represented of the plant expression vector, 
pUSPc 510, containing the 1170 bp PFP-p oDNA fragment m ah 
untranslatable form; 

Fiaure4 is a schematic representation of the plant expression vector 
pASPo 510 containing the 1170 bp PFP-p cDNA fragment ,n an 
antisense form; 

Figure 5 is an example of a PGR analysis by which transgenic clones were 
identified; 

Figure 6 is an exampie o, a northern blo, anaiysis which shows that the 1, 
xb transgene is transcribed in transgenic sugarcane and that the 
ievels of the 2,3 Kb endogenous transonpt were modulated ,n the 
transgenic clones; and 

Figure 7 is an example of a protein blo. analysts which shows the changes 
in the levels of the PFP-p polypeptide in transgenic sugarcane. 

nrTf „ rr , DESCRIPTION OF THF INVENTION: 

„ has been found that the sucrose content o, a sugar-stohng plant can be 

IlteL by regulating the activity of «he PFP enzyme in the plan,. Although *» 

i ra en,,on descnbes the regulation o, the PFP enzyme in sugarcane, he 

regulation of the activity of the PFP enzyme in other sugar-stonng 

as swee, sorghum and sugar beet w„, a,so affect ,he sucrose content o, the 

plant. 



The PFP enzyme is a he.erotetramer with two a and t*o p-subun,ts. The p- 
subun,, is ,he catalytic subum. of .he enzyme, and has been found that 
remove! of .he p-subuni. increases ,he sugar con.en. of a sugar-storing plan., 
nameiy sugarcane A s,m„ar effec. can be attained by aifenng .he a-subun,.s 
o, me enzyme which are believed «o be involved in .he regu,a.,on of enzyme 
activity through fructose 2,6-biphosphate (Fru-2,6-P,). 

\ first step of the invention was the cloning and characterization of a sugar 
cane PFP-p cDNA fragment. A set of degenerate primers was designed. 
baS ed on the consensus of the castor bean and potato PFP-p gene 
seances. These primers were used to amplify a fragment from sugarcan 
,eafro„ RNA wh.ch was then used as a probe to screen a sugarcane leafroU 
cDNA ttw for puta«ve PFP-p clones. The sequence of the ,nser« of one 
such cone is shown as an example in Figure 1. This sequence contains a 
H70 bp cDNA fragment. The complete sugarcane PFP-p coding sequence^ 
as shown in Figure 2, was obtained by sequencing other cDNA and gDNA 
(genomic DNA) library clones. 

The PFP-p cDNA fragment shown in Figure 1 was excised and cloned into the 
plant expression vector pUB, 510 which confers high-leve, constitutive gene 
expression in sugarcane cells. One of the vectors, termed pUSPc 510 shown 
in Figure 3, contains a fragment in the sense orientation but i, lacks a 
translation Nation codon. and is thus undatable. The other vector, 
termed pASPc 510 shown in Figure 4. contains a fragment in the ant.sense 
orientation. ^ 

The vectors pUSPc 510 and pASPc 510 were used to transform cells in a 
sugarcane callus. Transformed ca„, were selected and putative transgenic 
plants were regenerated. The plants were charactenzed to confirm the 
presence of PFP-p transgene. Plants containing the PFP-p transgene were 
hardened off and grown under glass house conditions Subsequent y the 
expression of the transgene was investigated using northern blo. ana ys.s 
The results shown in Figure 6 indicated that the transgene is expressed ,n all 



the tissues analyzed. PFP prote.n expression was then ,nvest,gated by 
means of prote.n blot analysis. The results shown in Figure 7 indicated that 
endogenous PFP levels were decreased in ieafroll and intemodal tissue. 

Lastly the influence of the abovement.oned changes in PFP-p protein 
,eve.s/activity in sucrose accumulation in the plants was determined. The 
results presented in Table 1 below show a substantial increase ,n sucrose 
levels in the clones with reduced PFP-p protein. 

Examples 

Cloning and characterization of a sugarcane PFP-p cDNA fragment 

To ensure optima, antisense and/or co-suppression mediated gene silencing 
in sugarcane the endogenous PFP-p gene sequence was isolated. A set of 
degenerate primers was designed, based on the consensus sequence of the 
castor bean and potato PFP-p gene sequences available in the international 
database; GenBank accession numbers Z32850 and M55191 respectively 
( http //www.ncbi.n.m.nih.gov/). These pnmers were used to amplify a 248bp 
fragment from sugarcane leafroll RNA using the Titan™RT-PCR system 
according to the manufacturers specifications (Boehringer Mannheim). Th,s 
amplified PFP-p cDNA fragment was used as a probe to screen a sugarcane 
leafroll cDNA library (Lambda ZAP II system, Stratagene) for putative PFP-p 
clones The cDNA inserts of the isolated clones were sequenced to venfy 
t H eir intParity and identity. Automated DNA sequencing was performed w,th 
an Applied Biosystem ABI Prism 373 Genetic Anatyzer using an ABI 
BigDye™ terminator cycle sequencing ready reaction kit according to the 
manufacturer's recommendations (Perkin-Elmer, part number 430 3152). 
The sequence of the insert of one such clone, PFP#5, is shown as an 
example in Figure 1 Companng this sequence to the international database 
confirmed its identity as PFP-p (BLASTX software^ 
http //www.ncb,.nlm.n,h.gov/cgi-b,n/BLAST/). It contains an 1170 bp cDNA 
fragment which represents more than 50% of the PFP-p coding sequence and 
includes a 260 bp ^-untranslatable sequence. The complete sugarcane PFP- 



p coding sequence, as presented in Figure 2, was obtained by sequencing 
other cDNA- f nd gDNA library clones. 

Construction of plant expression vectors 

As an example, the construction of a set of plant expression vectors for the 
down regulation of PFP activity in sugarcane will be described in detail. These 
constructs contain the PFP-p fragment from the leafroll cDNA library clone 
PFP#5 . The 1170 bp cDNA insert was excised using the restriction enzyme 
EcoR I and cloned into the EcoR I site of the plant expression vector pUBI 510 
(ECACC deposit reference number: 00042603) which confers high-level, 
constitutive gene express.cn in sugarcane cells. The expression vector 
contains two promoters, the CaMV 35S and the maize polyubiquitin UBI 
promoter. One of the vectors, pUSPc 510, contains the fragment in the sense 
orientation but it lacks a translation initiation codon and the other vector, 
pASPc 510, contains the fragment in the antisense orientation. Schematic 
representations of the two expression vectors are shown in Figures 3 and 4 
respectively. 

Transformation of sugarcane 

Sugarcane tissue culture and transformation was done as described by 
Snyman et al. (1996). One of the expression vectors and a selectable marker 
gene, neomycin phosphotransferase II (npt II), driven by the synthetic Emu 
promoter (Chamberlain et al., 1994), was co-transformed into sugarcane 
callus using a particle inflow gun (Finer et al., 1992). Transformed call! were 
selected on geneticin-containing medium and putative transgenic plants 
regenerated. 

Characterization of transgenic sugarcane plants 

As an example, the charactenzation of a set of transgenic sugarcane plants 
transformed with the pUSPc 510 expression vector will be described in detail. 
These clones were designated OPu followed by a specific three digit clone 
number, e.g. OPu 501. As a first characterization step genomic DNA (gDNA) 
was extracted from putat,ve transgenic plants and subjected to PCR analysis 



to confirm the presence of the PFP-p transgene before the plants were 
hardened off and allowed to grow under glass house conditions. F,gure 5 
represents an example of a PGR analysis used to detect transgenes ,n 
regenerated sugarcane plants. PCR analysis to identify transgenic sugarcane 
plants gDNA from nine putative pUSPc 510 transgenic plants (lanes 2-10) 
was used as template for specific PCR. The 484 bp fragment in lanes 3-8 
confirms the presence of the PFP-p cDNA transgene in these clones. gDNA 
from an untransformed NCo 310 sugarcane plant was used as negative 
control (lane 111 and a positive control using the transformation vector, pUSPc 
510 was also included (lane 12). In this example the amplification of a 484 bp 
fragment confirms the presence of the cDNA denved transgene. Due to the 
presence of introns the pnmers used w„l amplify a -1250 bp fragment from 
the endogenous genomic sequence (as seen in lane 10). Moreover, the 
genomic sequence will amplify at low efficiency because the up-stream pnmer, 
based on the cDNA sequence, overlaps an exon/intron splice site. 

Subsequently the expression of the transgene on transcriptional level and 
its possible effect on endogenous PFP-p transcript levels was investigated 
using northern blot analyses. Total RNA was isolated from leafroll and 
young mternoda. tissue as described by Bugos et a/. (1995). After gel 
electrophoresis of 20ug total RNA per sample the RNA was transferred to 
Nylon™ membranes and probed with the 1170 bp PFP-p cDNA fragment. 
The results, as presented in Figure 6, clearly indicate that the transgene 
is expressed in all the tissues analyzed. Northern blot analysis of transgenic 
sugarcane plants transformed with an untranslatable form of the PFP-p gene. 
Lane 1 Untransformed sugarcane leafroll RNA. Lane 2: Transgenic clone 
OPu 503 leafroll RNA. Furthermore, the result shows that some of the 
transgenic tissues had reduced levels of the endogenous PFP-p transcr.pt. 
The untranslatable transgene transcript is represented by the 1.2 kb band 
and the endogenous PFP-p transcript by the 2.3 kb band. 

Levels of the PFP protein in the transgenic clones were compared to an 
untransformed control plant by means of protein blot analyses. Crude 
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prote.n extracts were prepared from leafroll and young internodal tissue as 
described by Whittaker and Botha (1999). Ten microgram total protein of 
each sample was analyzed using SDS-PAGE, where after the proteins 
were transferred to nitrocellulose membranes and probed with potato PFP- 
p antiserum. A 63 kDa polypept.de cross-reacted with the antibody and 
the bands obtained were quantified using spot densitometry (Alphalmager 
2000™ Gel Documentation and Analysis System, Alpha Innotech). The 
results, presented in Figure 7, indicated that the relative level of PFP-p 
protein decreased in the transgenic plants. This is especially evident in the 
tissues with lower levels of PFP, e.g. internode 5. 

Finally the influence, of the above mentioned changes in PFP-p protein 
levels/-activity on sugar accumulation, was determined. Sugars were 
extracted from intemodes 7 to 13 of an untransformed control and the three 
OPu clones and quantified enzymatically. The results presented in Table 1 
clearly shows an increase in sucrose levels in the clones with reduced PFP-p 
protein. 

Table 1. Sugar content of internodal tissue of transgenic sugarcane clones 
with reduced PFP activity. 



Sugar content (umol g 1 fresh weight) 



Internode 


Untransformed 


OPu 501 




OPu 502 




OPu 503 




No 


control 
Hexoses 


Sucrose 


Hexoses 


Sucrose 


Hexoses 


Sucrose 


Hexoses 


Sucrose 


7 


3.30 


385.93 


114.24 


238.23 


151.92 


197.22 


50.21 


376.15 


9 


2.55 


320.65 


13.73 


886.64 


154.60 


228.93 


8.70 


796.22 


11 


2.40 


344.25 


5.58 


750.94 


63.64 


412.27 


6.14 


894.22 


13 


4.86 


295.69 


5.07 


862.60 


20.69 


372.98 


5.58 


881.95 
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In conclusion, it was found that the isolated PFP-p gene fragments could be 
used to down regulate the level of active PFP in the cells and thereby 
manipulating sucrose metabolism in the cells. 
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